The main challenges facing rechargeable batteries today are: (1) increasing the electrode capacity; (2) prolonging the cycle life; (3) enhancing the rate performance and (4) insuring their safety. Significant efforts have been devoted to improve the present electrode materials as well as to develop and design new high performance electrodes. All of the efforts are based on the understanding of the materials, their working mechanisms, the impact of the structure and reaction mechanism on electrochemical performance. Various operando/in-situ methods are applied in studying rechargeable batteries to gain a better understanding of the crystal structure of the electrode materials and their behaviors during charge-discharge under various conditions. In the present review, we focus on applying operando X-ray techniques to investigate electrode materials, including the working mechanisms of different structured materials, the effect of size, cycling rate and temperature on the reaction mechanisms, the thermal stability of the electrodes, the degradation mechanism and the optimization of material synthesis. We demonstrate the importance of using operando/in-situ XRD and its combination with other techniques in examining the microstructural changes of the electrodes under various operating conditions, in both macro and atomic-scales. These results reveal the working and the degradation mechanisms of the electrodes and the possible side reactions involved, which are essential for improving the present materials and developing new materials for high performance and long cycle life batteries.
Introduction
Lithium-ion batteries (LIBs) have been widely used because of their relatively high energy/power densities, long cycle life and slow self-discharge, whereas sodium-ion batteries (SIBs) are considered as low cost alternatives for large-scale energy storage systems. To fulfil the demands of energy storage in the transportation and power utility industries, batteries with high energy density and long cycle life are needed. Therefore, it is critical to improve present electrode and electrolyte materials as well as develop new ones for obtaining high quality batteries [1] [2] [3] . The known electrode materials are classified into three main categories: (a) insertion type, including layered oxides (LM T O 2 , Na x M T O 2 , M T = transition metal(s)); spinel oxides (LiM T2 O 4 ), tunnel type oxides (Na x M T O 2 ) and polyanionic compounds (Li/NaM T PO 4 , Na 3 V 2 (PO 4 ) 3 , Na 2 F 2 (SO 4 ) 3 ); (b) conversion type (S, MF, MCl, M = metal) and (c) alloying type, (Si, Sn and intermetallic compounds) [4] [5] [6] .
•
The working mechanism of LFP under the quasi-equilibrium condition
In-situ XRD was conducted on LFP cycled at a low current of 2.3 mA g −1 , which is close to the thermodynamic equilibrium condition [133] . Figure 1a shows that the starting cathode contains only LFP, but FP starts to form and grow as charge proceeds; only a small amount of LFP is left at the end of charge. During discharge, the LFP peaks grow at the expense of FP, and no FP peaks are observed at the end of discharge. The cycling is reversible, and only LFP and FP are observed, which is consistent with the two-phase reaction mechanism. In addition, the two-phase mechanism is also supported by in-situ high resolution TEM (HRTEM), Figure 1b -d show the migration of the phase boundary between FP and LFP along the [010] direction during lithiation and the dislocations induced at the phase boundary [91] .
The effect of particle size on the working mechanism Meethong et al. [144] studied the size-effect on the lithium miscibility gap in Li 1−β FePO 4 at slow rate of C/50, and found the gap shrank as the particle size decreased. The solid-solution limits β and α (Li α FePO 4 ) increased from~0.03 to~0.12 and~0.01 to~0.12, respectively, as the average particle size varied from 113 to 34 nm; similar results are obtained via neutron diffraction and theoretical calculation [138] . These results suggest that the phase transformation mechanism with small particles may be different from large particles, and operando XRD measurements have confirmed this proposal. Li et al. [137] monitored the phase transformations of [100] oriented LFP cathodes with three thicknesses in the [100] direction at a rate of C/5. ) happens implying a single-phase transformation, whereas the other two have peak2 and peak3, indicating formation of FP with nearly constant composition, which is consistent with the two-phase reaction [137] ; with permission from the ACS. and peak3, indicating formation of FP with nearly constant composition, which is consistent with the two-phase reaction [137] ; with permission from the ACS. • ) happens implying a single-phase transformation, whereas the other two have peak2 and peak3, indicating formation of FP with nearly constant composition, which is consistent with the two-phase reaction [137] ; with permission from the ACS. During charge, the (020)/(211) of 12-nm-LFP continuous up shifts. At the end of charge, two peaks labelled as (211) and (020) correspond to FP phase. Upon discharge, the two FP peaks down shift continuously, eventually, the (020)/(211) peaks of LFP return to the initial position at the end of discharge. The continuous shift of the diffraction peaks indicates that the phase transformation is similar to that of the solid solution. For the thick [100] -LFP (46 nm), the positions of the (020)/(211) peaks of LFP are almost unchanged during charge, except for an initial small shift. The (020) and (211) peaks of FP are seen at Li + <~0.7; they are at nearly constant position until Li +~0 .2, and the upshift of the peaks are observed between 0.1 < Li + < 0.2. The main part of the phase transformation of this thick grain LFP follows a two-phase reaction, whereas the solid solution mechanism plays a role near the stoichiometry LFP and FP owing to the corresponding small solubility regions. This study demonstrates that the LFP-FP transition mechanism changes from two-phase to single-phase transition as the particle size decreases. This single-phase reaction path is also predicated by theoretical calculations under non-equilibrium conditions [145, 146] and is evidenced by in-situ XRD measurements, as described below.
The effect of cycling rate on the working mechanism
The influence of cycling rate on the reaction mechanism was investigated on nano-LFP (average size 186 nm) at rates of 5C-20C [141] . Figure 3d ,e display the image plot and selected diffraction lines collected at 10C rate for multi-cycles. At the beginning of the first charge, all the diffraction peaks of LFP are symmetrical; they start to shift and broaden asymmetrically toward the high two theta direction as charging proceeds, meanwhile the FP phase is seen with broad peaks. At the end of discharge, neither the peak position nor the peak shape of LFP returns to their original states, suggesting the formation of a solid solution with less Li content and smaller unit cell than the initial LFP. These results illustrate that the LFP-FP transition not only depends on particle size, but also on cycling rate which is proportional to the applied current. The phase transition of nano-LFP goes through a non-equilibrium solid-solution path at high rate, which confirms the prediction of suppressing phase separation at high current. The LFP-FP transition occurs through a continuous change in structure instead of forming a distinct FP and avoids major re-arrangement of the crystal structure. This non-equilibrium single-phase transition reduces the stresses induced at the two-phase boundary, and interface energy. Thus, the energy barrier for phase transformation is reduced, which makes the high-rate cycling feasible.
The effect of temperature on the working mechanism The many in-depth studies on the LFP↔FP phase transition at room temperature provide a reasonably clear picture of the reaction mechanisms as well as the factors that affect the reaction paths. However, the performance of LFP at low temperature still cannot meet the requirements of many applications; therefore, it is necessary to comprehend the low temperature behavior to enhance battery performance. Yan et al. [147] have probed the phase transformation between −20 • C and 40 • C with operando XRD. Figure 4 demonstrates the evolution of XRD spectra of the nano-LFP (average sizẽ 43 nm) electrodes cycled at 20 • C and 0 • C at three different rates, respectively. At 20 • C with scan rate of 1.4 mV/s, the XRD spectra (Figure 4d) show that the position of the LFP peaks are constant, and their disappearance is accompanied by the appearance of FP peaks during charge. The process is reversed during discharge. The image plots of the diffraction lines show almost no positive intensities between LFP and FP peaks (Figure 4a ). This behavior is well-described by the two-phase reaction. As the scan rate is raised to 4.2 mV/s at the same temperature, certain positive intensities can be observed on the image plots in 41.7 • < 2θ < 42.8 • (Figure 4c ), implying the solid-solution mechanism plays a role 

The effect of temperature on the working mechanism In summary, the operando XRD measurements have revealed that the phase transformation mechanism of LFP depends on its particle size, the cycling rate/applied current and working temperature. With large particle size, slow cycling rate and relative high temperature(~room temperature), the transformation is dominated by the two-phase mechanism, whereas the solid-solution path is in control with nano-size particles, fast rate and relatively lower temperature (~0 • C).
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The understanding of LFP-FP phase transformation is well advanced with many in-depth studies on this system, especially with operando techniques. In contrast, the phase transition of its sodium counterpart, NaFePO 4 (NFP), with higher theoretical capacity than other Fe-based poly-anion cathode materials, still needs to be explored in details. Galceran et al. investigated the phase transformation between NaFePO 4 and FePO 4 with operando XRD [148] . The average particle size of his electrode particles is 800 nm; the in-situ cell is cycled at a rate of C/66, its first cycle results are shown in Figure 5 . Figure 5a plots the voltage and Na + content versus time, which, unlike LFP, the voltage profile is asymmetrical. Two voltage plateaus, separated by a voltage step at Na + ~ 0.7, are seen on charge, whereas only one plateau is evident on discharge. Figure 5b is the image plot of the XRD spectra with (hkl) of the phases participated labelled on the right axis. At the initial stage of charge, a continuous shift of the NaFePO4 peaks, mostly to the high two theta direction, is observed, which is an indication of a solidsolution reaction; with further extraction of Na ions to Na + ~ 0.7, a new intermediate phase forms, with sodium content ~ 0.7 and is identified as Na2/3FePO4 [149] . Continuing the extraction of Na + , FePO4 peaks appear and grow at the expense of the intermediate phase of Na2/3FePO4 until the end of charge. This two-phase reaction continues to hold to the first stage of the discharge process. At this stage, Na2/3FePO4 is formed and increased while FePO4 is consumed. Nevertheless, before reaching mid discharge, NaFePO4 peaks are detected together with the FePO4 and Na2/3FePO4 reflections; upon further discharge of the cell, the NaFePO4 increases mainly at the expenditure of FePO4. Therefore, three phases coexist until the end of discharge. In other words, the charge-discharge cycle can be divided into three stages, labelled as I, II, III at the top of Figure 5a . Stage I follows a solid-solution mechanism, whereas the two-phase reaction mechanism holds in stage II. The solid-solution and twophase regions are separated at Na + ~ 0.7 during charge, which is in agreement with the phase diagram of olivine NaFePO4 [150] , and finally, in stage III, three phases participate the reaction. Figure 5c is a plot of the sum of the integrated intensities of the (020) and (211) peaks of NaFePO4, NaβFePO4 (0 < β < 1) and FePO4, which act as an indicator of the amount of phase. Figure 5d -f present the evolution Two voltage plateaus, separated by a voltage step at Na +~0 .7, are seen on charge, whereas only one plateau is evident on discharge. Figure 5b is the image plot of the XRD spectra with (hkl) of the phases participated labelled on the right axis. At the initial stage of charge, a continuous shift of the NaFePO 4 peaks, mostly to the high two theta direction, is observed, which is an indication of a solid-solution reaction; with further extraction of Na ions to Na +~0 .7, a new intermediate phase forms, with sodium content~0.7 and is identified as Na 2/3 FePO 4 [149] . Continuing the extraction of Na + , FePO 4 peaks appear and grow at the expense of the intermediate phase of Na 2/3 FePO 4 until the end of charge. This two-phase reaction continues to hold to the first stage of the discharge process. At this stage, Na 2/3 FePO 4 is formed and increased while FePO 4 is consumed. Nevertheless, before reaching mid discharge, NaFePO 4 peaks are detected together with the FePO 4 and Na 2/3 FePO 4 reflections; upon further discharge of the cell, the NaFePO 4 increases mainly at the expenditure of FePO 4 . Therefore, three phases coexist until the end of discharge. In other words, the charge-discharge cycle can be divided into three stages, labelled as I, II, III at the top of Figure 5a . Stage I follows a solid-solution mechanism, whereas the two-phase reaction mechanism holds in stage II. The solid-solution and two-phase regions are separated at Na +~0 .7 during charge, which is in agreement with the phase diagram of olivine NaFePO 4 [150] , and finally, in stage III, three phases participate the reaction. Figure 5c is a plot of the sum of the integrated intensities of the (020) and (211) peaks of NaFePO 4 , Na β FePO 4 (0 < β < 1) and FePO 4 , which act as an indicator of the amount of phase. Figure 5d -f present the evolution of the cell parameters of Na x FePO 4 during charge and discharge; the sudden change of the lattice parameters corresponds to the change of the reaction mechanisms. The phase transformation mechanism between olivine structured NaFePO 4 and FePO 4 is different from that of LiFePO 4 ↔ FePO 4 ; noticeably, the asymmetric reaction path between charge and discharge, and the three-phase reaction during the discharge. In addition, the solid-solution region (1 ≥ Na + ≥ 0.7) near stoichiometry NaFePO 4 is much greater than that near LiFePO 4 under equilibrium conditions. In the LiFePO 4 system, the size of the solid-solution region and phase transformation path depends on the particle size and current applied during cycling, as well as temperature, the effects of these factors on the Na + solubility in NaFePO 4 and phase transition mechanism need to be explored in future studies. Layered oxide, especially the LiMO 2 (M = 3d transition metals or their mixture) family, are the most widely used cathode materials in commercial lithium-ion batteries, because of their high voltage and high capacity. LiCoO 2 is the first commercialized battery in this family. Many studies are focused on understanding the crystal structure change during cycling, which provide indispensable information for achieving high capacity and long cycling life. Operando XRD investigations revealed the complicated phase transition process involved at least four phases [54, [151] [152] [153] [154] [155] , which cause structure instability; as a consequence, the capacity fades. Adding other transition metals to LCO is found to be effective in suppressing the phase transitions and stabilizing the crystal structure, which lead to another commercial success of LiNi 1−x−y Mn x Co y O 2 series battery with better stability and lower cost. In recent years, sodium-ion batteries have attracted more and more attention due to the concerns with potential shortage of Li resources and high cost for the large-scale energy storage applications [156] . One of the main challenges faced by sodium-ion batteries is the irreversible phase transformation during sodium intercalation and de-intercalation, complicated and often involves several phases, which leads to capacity loss and short cycle life. Here, we focus on the in-situ XRD studies on the phase transformations of the layer structured Li 2 MoO 3 , Na x MO 2 cathodes and graphite anode during cycling.
In general, Li/Na x MO 2 (M = transition metal) layered structures are classified into four groups (P2, O2, O3 and P3) based on the lithium/sodium-ion environment and the number of MO 6 edge-sharing octahedral layers which have three possible positions for the oxygen atoms, named as A, B, C [157] . 
Li2MoO3
Many layered cathode materials have an O3-typed stacking, including the widely used and studied LiMO2 family. During charge, Li ions are constantly removed from the LiMO2 structure, leading to the changes of lattice parameters. In general, the lattice parameter c expands first and then contracts, often to a value smaller than that of the pristine state at high voltage due to the nearly empty Li layer [159] [160] [161] ; this may cause the structure collapse in c-axis direction leading to the irreversible damage of the structure and capacity fade. To solve this problem, studies were devoted to discover and design new materials aimed at reducing the c variation during cycling to achieve the high-capacity retention and long cycle life. The Li2MoO3 with the disordered α-NaFeO2 structure has a reduced c variation range during cycling. In-situ XRD is employed to investigate how the structure changes during cycling [162] . Figure 7b displays the image plot of XRD spectra of a Li2MoO3 cathode during the first charge. The spectra of pristine and fully charged electrodes are in Figure 7c and Figure  7a , respectively, and charge curve in Figure 7d , as well as lattice parameters obtained by Le Bail fitting of every spectrum with an R3 ̅ m space group in Figure 7e . With careful examination of the evolution of the XRD image plot and the charge curve, the phase transformation can be summarized as follows:
(1) 1.5 < Li + < 2 (3 < V < 3.6 V), (003) and (110) diffractions shift to the lower angles continuously, indicating a solid-solution reaction with increasing c and a lattice parameters of the phase I, but the percentage increase of a is greater than c, implying that Li ions are mainly removed from the LiMo2 layers [163] ; (2) 1.0 < Li + < 1.5 (3.6 < V < 3.7 V), phase II, with the same layered structure as phase I, forms and grows at the expense of phase I. The lattice parameters of phase II are larger than those of phase I; (3) 0.53 < Li + < 1.0 (3.7 < V < 4.8 V), phase I is completely consumed and phase II grows via a solid solution route with a continuous increase of lattice parameters a and c. 
Li 2 MoO 3
Many layered cathode materials have an O3-typed stacking, including the widely used and studied LiMO 2 family. During charge, Li ions are constantly removed from the LiMO 2 structure, leading to the changes of lattice parameters. In general, the lattice parameter c expands first and then contracts, often to a value smaller than that of the pristine state at high voltage due to the nearly empty Li layer [159] [160] [161] ; this may cause the structure collapse in c-axis direction leading to the irreversible damage of the structure and capacity fade. To solve this problem, studies were devoted to discover and design new materials aimed at reducing the c variation during cycling to achieve the high-capacity retention and long cycle life. The Li 2 MoO 3 with the disordered α-NaFeO 2 structure has a reduced c variation range during cycling. In-situ XRD is employed to investigate how the structure changes during cycling [162] . Figure 7b displays the image plot of XRD spectra of a Li 2 MoO 3 cathode during the first charge. The spectra of pristine and fully charged electrodes are in Figure 7a ,c, respectively, and charge curve in Figure 7d , as well as lattice parameters obtained by Le Bail fitting of every spectrum with an R3m space group in Figure 7e . With careful examination of the evolution of the XRD image plot and the charge curve, the phase transformation can be summarized as follows:
(1) 1.5 < Li + < 2 (3 < V < 3.6 V), (003) and (110) diffractions shift to the lower angles continuously, indicating a solid-solution reaction with increasing c and a lattice parameters of the phase I, but the percentage increase of a is greater than c, implying that Li ions are mainly removed from the LiMo 2 layers [163]; (2) 1.0 < Li + < 1.5 (3.6 < V < 3.7 V), phase II, with the same layered structure as phase I, forms and grows at the expense of phase I. The lattice parameters of phase II are larger than those of phase I; (3) 0.53 < Li + < 1.0 (3.7 < V < 4.8 V), phase I is completely consumed and phase II grows via a solid solution route with a continuous increase of lattice parameters a and c.
Unlike the behavior of the cathode materials in the layered LiMO 2 family, the Li 2 MoO 3 has a continuous increase of c until 4.8 V, suggesting no structure collapse in the c-axis direction during high voltage charge. During discharge, the phase transformation process is reversed, and the lattice parameters a and c decrease continuously, eventually to the values close to the pristine cathode. The stabilization of Li 2 MoO 3 during cycling is mainly attributed to the migration of some Mo ions from LiMo 2 layer to the lithium layer, which is confirmed by STEM and neutron diffraction analysis of the pristine and fully charged Li 2 MoO 3 [162, 164] . (003), (101), (104), (107), (108) and (110) (003), (101), (104), (107), (108) and (110) Lu and Dahn [165] first showed that the Na + ions in the P2-Na 0.67 Ni 0.33 Mn 0.67 O 2 structure can be completely extracted and the material has a capacity of~170 mA g −1 . They investigated the crystal structure change during charge and discharge with in-situ XRD, and their galvanostatic cycling curve displays seven and five distinctive voltage steps during charge and discharge, respectively, which is comparable to the existence of nine steps and phases in the phase diagram of P2-Na x CoO 2 [166] . The phase transformation identified during the cycling is between P2 and O2 structures [167] . Figure 8b is the XRD spectrum of pristine Na 0. 67 (110) and (112) peaks shift to a higher angle indicating the expansion of the c axis and the contraction of the a axis. The in-situ XRD results indicate the crystalline phase is in P2 structure up to~3.8 V, which is confirmed by electrochemical data and theoretical calculation. When the Na content is~0.33 (~4 V), the broadening of the (10l) peaks is an indication of O2 type stacking faults in the P2 structure. A new set of Bragg peaks forms and grows on the 4.2 V plateau, accompanied by the gradual disappearance of the original peaks, suggesting a two-phase region. The new phase is determined to have an O2 structure. As the potential reaches 4.4 V, only the new phase is detected. During discharge (Figure 8d ), the process is reversed; Na-ions are inserted back into the structure during discharge, and the structure transforms to P2 type, (Figure 8c) . One of the advantages of the P2 phase is its stability in air and moisture, but the P2-O2 transformation involves a large volume change leading to fast discharge capacity fade. Many studies have focused on solving this phase instability problem caused by phase transformation. The inactive elements, such as Li + , Mg 2+ and Ti 4+ are doped in the transition metal layer to stabilize the P2 structure during cycling, which improves the capacity and lengthen cycle life [168] [169] [170] . Xu et al. [170] Comparing these in-situ spectra to the spectrum of pristine powder (bottom, all the peaks are indexed by S.G. P63/mmc), the peaks shift from the original positions during Na-ion extraction, and all of the main peaks belong to the P2 phase. No new main peak is detected, indicating no significant phase transformation occurred, and the phase change is reversed during discharge from 4.4 to 2 V. Both the XRD spectra and the smooth charge curve suggest the de-intercalation follows the solid-solution route. Figure 9b plots the refined lattice parameters. Lattice parameter c increases continuously from beginning of charge (Na + = 0.8) tõ 0.27 mole of Na + ions are extracted, which agrees well to the (004) peak shift to the lower 2θ direction in the range of 0.53 < Na + < 0.80. Further extraction of Na + to Na +~0 .36 produces a slight shift of the position of the (004) line, corresponding to a small decrease of the c lattice parameter. The (100) peak shifts to the high 2θ direction during charge, resulting in a continuous decrease of lattice parameter a, which corresponds to the shortening of the distance between transition metals. The removal of Na + ions not only changes the lattice parameters, but also induces stacking faults which broaden the (10l) peaks in the XRD pattern [167, 171] . The simulated XRD spectra with different percentage of stacking fault are shown in Figure 9c , and the width of the (10l) peaks increasedwith the increased amount of the stacking faults. The stacking faults prevents the P2-O2 phase transformation during the extraction of Na + upto 4.4 V, and the phase still maintains the P2 structure with local O2 type stacking fault. The strain and interface energies related to two phase separation are reduced by introducing the stacking fault in the structure, which stabilizes the P2 phase and increases capacity retention. When all of the Na + ions are extracted from the structure, the O2 phase is observed, which points out that Li + substitution can only postpone the P2-O2 phase transition to a higher voltage, bu cannot prevent the transformation to O2-type completely. pristine powder (bottom, all the peaks are indexed by S.G. P63/mmc), the peaks shift from the original positions during Na-ion extraction, and all of the main peaks belong to the P2 phase. No new main peak is detected, indicating no significant phase transformation occurred, and the phase change is reversed during discharge from 4.4 to 2 V. Both the XRD spectra and the smooth charge curve suggest the de-intercalation follows the solid-solution route. Figure 9b plots the refined lattice parameters. Lattice parameter c increases continuously from beginning of charge (Na + = 0.8) to ~0.27 mole of Na + ions are extracted, which agrees well to the (004) peak shift to the lower 2θ direction in the range of 0.53 < Na + < 0.80. Further extraction of Na + to Na + ~ 0.36 produces a slight shift of the position of the (004) line, corresponding to a small decrease of the c lattice parameter. The (100) peak shifts to the high 2θ direction during charge, resulting in a continuous decrease of lattice parameter a, which corresponds to the shortening of the distance between transition metals. The removal of Na + ions not only changes the lattice parameters, but also induces stacking faults which broaden the (10l) peaks in the XRD pattern [167, 171] . The simulated XRD spectra with different percentage of stacking fault are shown in Figure 9c , and the width of the (10l) peaks increasedwith the increased amount of the stacking faults. The stacking faults prevents the P2-O2 phase transformation during the extraction of Na + upto 4.4 V, and the phase still maintains the P2 structure with local O2 type stacking fault. The strain and interface energies related to two phase separation are reduced by introducing the stacking fault in the structure, which stabilizes the P2 phase and increases capacity retention. When all of the Na + ions are extracted from the structure, the O2 phase is observed, which points out that Li + substitution can only postpone the P2-O2 phase transition to a higher voltage, but cannot prevent the transformation to O2-type completely. [168, 172] . Figure 10a shows the charge-discharge curve of the cell cycled between 2 and 4.5 V and the corresponding XRD in Figure 10b . The evolution of the XRD spectra shows no characteristic peak of the O2 phase in the voltage range of 4.2-4.5 V. Instead, a broad peak as a shoulder on the (004) diffraction of P2 phase is observed at Na +~0 .35, which is a characteristic of the OP4 phase defined as an intergrowth structure between the P2 and O2-type structures [173] . As in the case of Li doping, the appearance of the OP4 phase stabilizes the P2 phase up to 4.5 V, which leads to improved cell performance. [168, 172] . Figure 10a shows the charge-discharge curve of the cell cycled between 2 and 4.5 V and the corresponding XRD in Figure 10b . The evolution of the XRD spectra shows no characteristic peak of the O2 phase in the voltage range of 4.2-4.5 V. Instead, a broad peak as a shoulder on the (004) diffraction of P2 phase is observed at Na + ~ 0.35, which is a characteristic of the OP4 phase defined as an intergrowth structure between the P2 and O2-type structures [173] . As in the case of Li doping, the appearance of the OP4 phase stabilizes the P2 phase up to 4.5 V, which leads to improved cell performance. 
Graphite
Graphite is the most widely used anode material, and is capable of hosting many types of guest species, as well as simultaneously intercalating more than one different guest species. Graphite intercalation compounds (GICs) exhibit distinctive properties compared to pristine graphite.


Graphite Anode in Lithium Ion Battery
He et al. studied the dynamic structural change of graphite during the electrochemical lithium intercalation at 1/3 C by in-situ high-energy synchrotron XRD [119] . Figure 11a displays a contour plot of XRD patterns and discharge curve for the Li/graphite cell from 1.53 to 0.001 V at a rate of 1/3 C. Figure 11b is the corresponding XRD spectra collected at different lithium values (x). During lithiation, the graphite (002) peak shifts and splits. At the beginning, the (002) peak shifts from 1.83 
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• Graphite Anode in Lithium Ion Battery
He et al. studied the dynamic structural change of graphite during the electrochemical lithium intercalation at 1/3 C by in-situ high-energy synchrotron XRD [119] . Figure 11a displays a contour plot of XRD patterns and discharge curve for the Li/graphite cell from 1.53 to 0.001 V at a rate of Figure 11b is the corresponding XRD spectra collected at different lithium values (x). During lithiation, the graphite (002) peak shifts and splits. At the beginning, the (002) peak shifts from 1.83 to 1.76 • in the range of 0 < x < 0.3, as well as increases in peak intensity. Between 0.3 < x < 0.5, the (002) peak intensity increases with no obvious peak shift. When x > 0.5, a new peak forms at 1.69 • and grows at the expense of the 1.76 • peak. The 1.76 • peak finally disappears, accompanied by the appearance of a series of continuous intermediate peaks between 1.69 and 1.76 • . The presence of the two-phase region in graphite and the continuous intermediate diffraction peaks is not compatible with the classical stage mechanism. Based on the analysis of XRD spectra, the authors proposed a different mechanism to describe the dynamic lithium intercalation under high current. At the very beginning of lithiation (x < 0.08), Li + ions are randomly inserted into the graphite; as the process proceeds to x~0.3, the intercalated lithium ions are distributed uniformly in the graphite. The structure transforms from AB lattice to the AA lattice with continued Li + ion insertion [174] . When x > 0.5, the outer layers of graphite are occupied first, resulting in a Li-rich region and generates a Li + gradient toward the inner layers of graphite. The growth of Li-rich phase as the continuous insertion of Li + -ions leads to the full-lithiated phase, LiC 6 . Based on the analysis of XRD spectra, the authors proposed a different mechanism to describe the dynamic lithium intercalation under high current. At the very beginning of lithiation (x < 0.08), Li + ions are randomly inserted into the graphite; as the process proceeds to x ~ 0.3, the intercalated lithium ions are distributed uniformly in the graphite. The structure transforms from AB lattice to the AA lattice with continued Li + ion insertion [174] . When x > 0.5, the outer layers of graphite are occupied first, resulting in a Li-rich region and generates a Li + gradient toward the inner layers of graphite. The growth of Li-rich phase as the continuous insertion of Li + -ions leads to the full-lithiated phase, LiC6. • Graphite Anode in Sodium-ion Battery
Operando synchrotron XRD patterns were collected from a graphite anode in a Na half-cell with 1 M NaPF 6 in DEGDME (diethylene glycol dimethyl ether) cycled at a current density of 20 mA g −1 , see Figure 12 [95] . During sodium intercalation (sodiation) and de-intercalation (de-sodiation), the pristine graphite transforms into multiple new phases involving one or two-phase reactions and is completely restored to the pristine state after de-sodiation. The evolution of the XRD spectra implies a staging behavior during cycling. Initially, the (002) peak at~27 • down shifts slightly signifying a solid-solution reaction. The reaction proceeds until the graphite capacity reaches 31 mAh g −1 (t = 1.5 h, Na:C = 1:72), stage 3 GIC forms, and the (002) splits to (005) and (006). Moreover, with sodiation to Na:C = 1:50 (t = 2.2 h), a two-phase reaction started in this region, and stage 2 GIC forms at the expense of stage 3 GIC. After stage 3 GIC is exhausted, stage 1 GIC appears and grows at the expense of stage 2 GIC. The single phase of stage 1 GIC is observed after 4 h of sodiation, and exists in the range of Na:C from 1:28 to 1:21. Approaching the end of sodiation, new peaks appear between 12-14 • , which are attributed to the in-plane super-structural ordering of the [Na-DEGME] complex. Correlating the results of operando XRD collected from electrochemical cycling and direct visualization coupled with density functional theory calculations, the authors proposed that Na intercalation occurs through multiple staging reactions; the final stage 1 GIC exists in the range of 1/28 < Na/C < 1/21. In addition, the intercalated Na + ions and ether solvents are in the form of [Na-ether] + complexes, that are double stacked in parallel with graphene layers in the graphite. The association between the solvent and intercalated metal species suggests the possible tunability of Na storage properties. Operando synchrotron XRD patterns were collected from a graphite anode in a Na half-cell with 1 M NaPF6 in DEGDME (diethylene glycol dimethyl ether) cycled at a current density of 20 mA g −1 , see Figure 12 [95] . During sodium intercalation (sodiation) and de-intercalation (de-sodiation), the pristine graphite transforms into multiple new phases involving one or two-phase reactions and is completely restored to the pristine state after de-sodiation. The evolution of the XRD spectra implies a staging behavior during cycling. Initially, the (002) peak at ~27° down shifts slightly signifying a solid-solution reaction. The reaction proceeds until the graphite capacity reaches 31 mAh g −1 (t = 1.5h, Na:C = 1:72), stage 3 GIC forms, and the (002) splits to (005) and (006). Moreover, with sodiation to Na:C = 1:50 (t = 2.2h), a two-phase reaction started in this region, and stage 2 GIC forms at the expense of stage 3 GIC. After stage 3 GIC is exhausted, stage 1 GIC appears and grows at the expense of stage 2 GIC. The single phase of stage 1 GIC is observed after 4 h of sodiation, and exists in the range of Na:C from 1:28 to 1:21. Approaching the end of sodiation, new peaks appear between 12-14°, which are attributed to the in-plane super-structural ordering of the [Na-DEGME] complex. Correlating the results of operando XRD collected from electrochemical cycling and direct visualization coupled with density functional theory calculations, the authors proposed that Na intercalation occurs through multiple staging reactions; the final stage 1 GIC exists in the range of 1/28 < Na/C < 1/21. In addition, the intercalated Na + ions and ether solvents are in the form of [Na-ether] + complexes, that are double stacked in parallel with graphene layers in the graphite. The association between the solvent and intercalated metal species suggests the possible tunability of Na storage properties. Operando synchrotron X-ray diffraction analysis of the structural evolution of the ternary Na-ether-graphite system observed during electrochemical solvated-Na-ion intercalation and deintercalation of graphite in Na | 1 M NaPF6 in a DEGDME | graphite cell [95] ; with permission from RSC Publishing.
Spinel-Li4Ti5O12
Spinel-Li4Ti5O12 as anode in Li ion Battery
The spinel-Li4Ti5O12 (LTO) is known as a "zero-strain" anode for lithium ion batteries. The phase transformation of LTO in the lithium ion battery is proposed as [175] :
in the 2.5 to 1.0 V range. The pristine and discharged phases are Li4Ti5O12 and Li7Ti5O12, respectively. Both compounds belong to the Fd3 ̅ m space group, and the insertion of three Li + ions in Li4Ti5O12 results in little changes in the lattice parameters, thus it is classified as zero-strain. Studies were Figure 12 . Operando synchrotron X-ray diffraction analysis of the structural evolution of the ternary Na-ether-graphite system observed during electrochemical solvated-Na-ion intercalation and de-intercalation of graphite in Na | 1 M NaPF 6 in a DEGDME | graphite cell [95] ; with permission from RSC Publishing. 
The continuous shift of the diffraction lines suggests this phase transition follows a solid-solution path. The authors also calculated the lattice parameters of the fully discharged anode, which are very close to those of the original LTO with only 0.38% volume change. The small volume expansion indicates that the "zero strain" property is kept even at low voltage~0.0 V. conducted on this material in the voltage range of 1.0 to ~ 0 V for the purpose of raising its capacity beyond 175 mAh g −1 [176] [177] [178] . The reaction mechanism during cycling, especially at low voltage was investigated by operando XRD [115, 175] . Figure 13 [115] presents the development of three characteristic diffraction lines and the corresponding image plots of Li4Ti5O12 cycled between 3.0 and 0.0 V. The (111), (311) and (400) peaks do not shift during discharge from 3.0 to 1.0 V, but with further discharge to 0.0 V, all three peaks shift to low angles gradually; they move reversibly to their initial positions upon charge to 1.0 V. This peak shift at low voltage is attributed to the two more Li ions inserted to the 8a sites of Li7Ti5O12 [175] :
The continuous shift of the diffraction lines suggests this phase transition follows a solidsolution path. The authors also calculated the lattice parameters of the fully discharged anode, which are very close to those of the original LTO with only 0.38% volume change. The small volume expansion indicates that the "zero strain" property is kept even at low voltage ~ 0.0 V. 
Spinel-Li4Ti5O12 as anode in Na ion Battery
The Li4Ti5O12 can also be used as an anode in a sodium ion battery, despite the large volume change involved due to bigger size of Na + than Li + [179, 180] . The mechanism of sodium insertion and extraction is different from that of lithium, and was studied by various techniques, including X-ray diffraction, electron microscopy, X-ray absorption, etc [60, 99, 181, 182] . Figure 14a illustrates the evolution of the synchrotron XRD spectra during discharge-charge collected from a cell with CNa3V2(PO4)3 cathode and Li4Ti5O12 anode in the range of 0.5-3.0 V at C/10 rate. The Li4Ti5O12/Li7Ti5O12 peaks shift slightly to the lower two theta direction during cycling, suggesting a solid-solution reaction. On the other hand, a new set of peaks attributed to Na6LiTi5O12 appears as discharge 
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The Li 4 Ti 5 O 12 can also be used as an anode in a sodium ion battery, despite the large volume change involved due to bigger size of Na + than Li + [179, 180] . The mechanism of sodium insertion and extraction is different from that of lithium, and was studied by various techniques, including X-ray diffraction, electron microscopy, X-ray absorption, etc [60, 99, 181, 182] . Figure 14a illustrates the evolution of the synchrotron XRD spectra during discharge-charge collected from a cell with C-Na 3 V 2 (PO 4 ) 3 cathode and Li 4 Ti 5 O 12 anode in the range of 0.5-3.0 V at C/10 rate. The Li 4 Ti 5 O 12 /Li 7 Ti 5 O 12 peaks shift slightly to the lower two theta direction during cycling, suggesting a solid-solution reaction. On the other hand, a new set of peaks attributed to Na 6 LiTi 5 O 12 appears as discharge approaches the end and reaches maximum during the following charge process, then disappears before the end of charge. This delayed phase appearance is a result of slow Na + diffusion in the crystal structure. The formation of Na 6 LiTi 5 O 12 indicates that phase separation dominates the reaction. Equation (3) describes a three-phase separation mechanism for the sodium insertion/extraction in/out of LTO that was verified via STEM with the observation of the co-existence of three phases in a semi-discharged electrode as shown in Figure 14b [ (3) where V = vacancy. In addition, the influence of LTO particle size on the phase transformation of a chemical sodiated Li 4 Ti 5 O 12 was investigated by operando synchrotron XRD [99] . A solid-solution reaction was observed over a wide range during Na insertion in the nanosized LTO (~44 nm), which is similar to the case of LFP. before the end of charge. This delayed phase appearance is a result of slow Na + diffusion in the crystal structure. The formation of Na6LiTi5O12 indicates that phase separation dominates the reaction. Equation (3) describes a three-phase separation mechanism for the sodium insertion/extraction in/out of LTO that was verified via STEM with the observation of the co-existence of three phases in a semidischarged electrode as shown in Figure 14b [60].
where V = vacancy. In addition, the influence of LTO particle size on the phase transformation of a chemical sodiated Li4Ti5O12 was investigated by operando synchrotron XRD [99] . A solid-solution reaction was observed over a wide range during Na insertion in the nanosized LTO (~44 nm), which is similar to the case of LFP. 
Electrodes for Aqueous Battery
The aqueous lithium/sodium-ion batteries are low cost and safe choices for large-scale applications due to the use of low cost, non-flammable and highly conductive aqueous electrolyte, as well as being environmental benign. Some electrode materials have been proposed and evaluated [183] [184] [185] , but the practical application of the aqueous batteries still faces great challenges. Recently, more and more investigations were dedicated to understand the working and degradation mechanisms of electrodes for aqueous batteries in order to enhance the battery performances.
1. Tunnel-type Ti-Na 0 . 44 MnO 2 Wang et al. [186] investigated Ti-substituted Na 0.44 MnO 2 oxide as a negative electrode for aqueous Na + -ion batteries and found it possesses superior cyclability. Na 0.44 MnO 2 has an orthorhombic lattice with S.G. of Pbam; its structure has a large "S" typed tunnel. There are five different crystallographic sites for Mn ions, labelled as Mn (1) to Mn(5) and three sites for Na ions; the double and triple rutile-type chains of edge-sharing MnO 6 octahedral and single chains of corner-sharing MnO 5 support the structure and make it stable during Na + extraction and insertion, see Figure 15d . Operando XRD and spherical aberration-corrected STEM are utilized to probe the sodium storage mechanism and accurately identify the Ti substitution sites. (040), (130), (140), show a continuous peak shift during Na insertion/extraction and no new phase is detected in most part of the process. Therefore, the main crystal structure is maintained and the phase transition mainly follows a solid-solution path, whereas the un-doped Na 0.44 MnO 2 manifests a two-phase reaction behavior [187] . In addition, a small biphasic region can be observed at the end of discharge, which the authors attribute to the smaller unit cell volume of Na 0. 44 (5), which agrees with their Rietveld refinement of the synchrotron XRD spectra and the stable structure configuration from their density function calculation. During cycling, Ti and Mn(5) are at constant valence of 4 + , whereas Mn(2) and Mn(3) participate in the redox reaction. This anode material has very stable cycling performance, which demonstrates the role of Ti in stabilizing the Na 0.44 MnO 2 structure. This study reveals the difference in working mechanisms of this Ti-doped and un-doped tunnel-type electrode material and is helpful for designing new materials for high-performance aqueous sodium rechargeable batteries. 
LiMn2O4-FePO4 aqueous Battery
For lithium-ion aqueous batteries, the main difficulty lies in capacity fade of the anode materials, such as activated carbon, LiV3O8, V2O5, LiTi2(PO4)3, TiO2 and Li4Ti5O12 [188] [189] [190] [191] [192] . Olivine-structured FePO4 and amorphous FePO4·2 H2O were explored as anodes for aqueous lithium-ion batteries. Figure 16 plots the development of the XRD spectra of a LiMn2O4-FePO4 aqueous battery during charge-discharge. Olivine FePO4 undergoes a reversible two-phase transformation (FP ↔ LFP), similar to that in organic electrolytes, confirming the lithium intercalation and de-intercalation processes. Simultaneously, the LiMn2O4 cathode shows continuous reversible shifts of all the peaks indicating a solid-solution reaction. On the other hand, the in situ XRD spectra of amorphous anode in the LiMn2O4-FePO4 2H2O cell show the start of crystallization and nano-crystals are observed by TEM. Comparing the two materials, olivine FePO4 delivers higher capacity and higher rate, whereas amorphous FePO4·2H2O has a longer cycle life at a slower rate [193] . [188] [189] [190] [191] [192] . Olivine-structured FePO 4 and amorphous FePO 4 ·2H 2 O were explored as anodes for aqueous lithium-ion batteries. TEM. Comparing the two materials, olivine FePO 4 delivers higher capacity and higher rate, whereas amorphous FePO 4 ·2H 2 O has a longer cycle life at a slower rate [193] .
Energies 2018, 11, x FOR PEER REVIEW 24 of 43 Figure 16 . Evolution of XRD patterns of (a) olivine FePO4 and (b) LiMn2O4 upon cycling [194] , with permission from ACS.
Degradation Mechanisms
One of the challenges that rechargeable batteries face is electrode degradation, which reduces battery capacity and shortens battery life. Understanding the degradation mechanism is the first step to solve the problem. Liu et al. [122] used the in-situ synchrotron XRD with a commercial 18650 LFP cell at different cycles to investigate the structure changes in the course of long term cycling to elucidate the capacity fade mechanism. Figure 17 plots the evolution of XRD spectra of the first and 2500th cycles during discharge at 1C rate. As the depth of discharge increases, the lithium ions are extracted from lithiated graphite and inserted into FP to form LFP. At the end of first discharge, all FP peaks disappear, see Figure 17a , whereas the FP peaks are still observed at the end of the 2500th discharge, Figure 17b . [194] , with permission from ACS.
One of the challenges that rechargeable batteries face is electrode degradation, which reduces battery capacity and shortens battery life. Understanding the degradation mechanism is the first step to solve the problem. Liu et al. [122] used the in-situ synchrotron XRD with a commercial 18650 LFP cell at different cycles to investigate the structure changes in the course of long term cycling to elucidate the capacity fade mechanism. Figure 17 plots the evolution of XRD spectra of the first and 2500th cycles during discharge at 1C rate. As the depth of discharge increases, the lithium ions are extracted from lithiated graphite and inserted into FP to form LFP. At the end of first discharge, all FP peaks disappear, see Figure 17a , whereas the FP peaks are still observed at the end of the 2500th discharge, Figure 17b . The authors suggest that the presence of the FP phase is an indication of insufficient active lithium to complete the FP to LFP transformation at the end of discharge, and conclude that the loss of the source of active lithium-ion is the primary cause of the capacity fade. The amount of the inactive FP at 100% depth-of-discharge is proportional to the decrease of the available lithium-ion during cycling. As the numbers of cycle increase, the solid-solution range near the stoichiometry FP decreases, and the FP-LFP transition is close to the two-phase reaction. The decay of the solid-solution behavior is associated with the degradation of the rate performance of LFP at higher cycles.
Thermal Stability
The operando XRD is a technique that can be used in many aspects to study the performances of rechargeable batteries. Several examples presented above concern the working and degradation mechanisms of various electrode materials in non-aqueous and aqueous electrolytes. In addition, this technique is also useful in the investigation of the thermal stability of electrodes, which is an important issue in battery application. The authors suggest that the presence of the FP phase is an indication of insufficient active lithium to complete the FP to LFP transformation at the end of discharge, and conclude that the loss of the source of active lithium-ion is the primary cause of the capacity fade. The amount of the inactive FP at 100% depth-of-discharge is proportional to the decrease of the available lithium-ion during cycling. As the numbers of cycle increase, the solid-solution range near the stoichiometry FP decreases, and the FP-LFP transition is close to the two-phase reaction. The decay of the solid-solution behavior is associated with the degradation of the rate performance of LFP at higher cycles.
The operando XRD is a technique that can be used in many aspects to study the performances of rechargeable batteries. Several examples presented above concern the working and degradation mechanisms of various electrode materials in non-aqueous and aqueous electrolytes. In addition, this technique is also useful in the investigation of the thermal stability of electrodes, which is an important issue in battery application.
O3-type NaNi
The thermal stability of layered O3-type NaNi 2/3 Sb 1/3 O 2 cathode material was studied by in-situ high temperature XRD (HTXRD). The NaNi 2/3 Sb 1/3 O 2 , which was synthesized at 950 • C, has a rhombohedral lattice with S.G. of R3m. It exhibits a reversible capacity of 52.5 mAh g −1 after 100 cycles with capacity retention of 62.4%. The operando XRD conducted during room temperature cycling reveals the reaction goes through a complicated multiphase phase transformation during charge, i.e., O3 → O3 + P3 → P3 → O1 + P3 → O1, the process is reversed upon discharge. The thermal stability test is conducted on NaNi 2/3 Sb 1/3 O 2 to elucidate the structural evolution during cycling and its behavior at high temperature. Figure 18 presents the XRD data from a charged NaNi 2/3 Sb 1/3 O 2 between 100 and 500 • C with 25 • C increment. The diffraction peaks show the co-existence of P3 (red) and O3 (black) phases with P3 dominant initially. As the temperature increases to 500 • C, only peak shifts due to cell expansion upon heating are observed. No new peak is detected, indicating the stabilities of P3 and O3 phases up to 500 • C, which demonstrates a superior thermal stability for sodium storage [194] . Figure 18 presents the XRD data from a charged NaNi2/3Sb1/3O2 between 100 and 500 °C with 25 °C increment. The diffraction peaks show the co-existence of P3 (red) and O3 (black) phases with P3 dominant initially. As the temperature increases to 500 °C , only peak shifts due to cell expansion upon heating are observed. No new peak is detected, indicating the stabilities of P3 and O3 phases up to 500 °C , which demonstrates a superior thermal stability for sodium storage [194] .
Layered-LiNixMnyCozO2
The thermal stability of charged LiNixMnyCozO2, where x + y + z = 1, with different cation ratios are examined by operando HTXRD and operando mass spectroscopy (MS). The layered LiNixMnyCozO2 has rhombohedral lattice and belongs to R3 ̅ m space group. Figure 19a -d present image plots of the developments of XRD patterns from a series of delithiated LiNixMnyCozO2 cathodes in the temperature range of 25-600 °C [93] . The images show that these charged materials undergo a specific path of phase transitions from layered to spinel, and then to rock-salt as the heating temperature increases; the results are summarized in Table 1 . The corresponding selected diffraction patterns, peaks labelled pink is P3 phase, and black is O3 [194] ; with permission from Elsevier. The corresponding selected diffraction patterns, peaks labelled pink is P3 phase, and black is O3 [194] ; with permission from Elsevier. [93] . The images show that these charged materials undergo a specific path of phase transitions from layered to spinel, and then to rock-salt as the heating temperature increases; the results are summarized in Table 1 . The results in Table 1 indicate that the thermal stability of the charged NMC is mainly governed by the nickel content; more nickel in the sample results in lower starting temperature for the phase transformation. This is due to the least stable nature of nickel among the three transition metals and the large amounts of unstable Ni 4+ are reduced to Ni 2+ , which is accompanied by the release of oxygen during phase transformation. In addition, Mn is the most thermally stable element enhancing the thermal stability. A sudden decrease in thermal stability is observed by changing the composition from NMC532 to NMC622, indicating that NMC532 is the optimal composition for balancing good thermal stability and reasonable high capacity. A diagram of phase stability vs. temperature and Ni content is constructed based on the results discussed above, which can act as a guide for the design of the cathode materials, Figure 19e 6 , is formed at the overcharge state, marked with "Li-GIC". Graphite cannot accommodate more Li + in the structure with charging the cell beyond this point, which results in lithium plating on the graphite anode [195, 196] . In the cell at 50 • C, graphite is not fully intercalated with Li + even at 10 V owing to the increased side-reactions on the graphite at this temperature. Based on the operando XRD and SAFS results, the authors proposed different side reaction mechanisms for the overcharged cells at 30 and 50 • C, which can help researchers to understand the overcharge effect on both cathode and anode, and to design batteries that can reduce and optimize the side reactions for the long life and safe batteries [197] . , is formed at the overcharge state, marked with "Li-GIC". Graphite cannot accommodate more Li + in the structure with charging the cell beyond this point, which results in lithium plating on the graphite anode [195, 196] . In the cell at 50 °C, graphite is not fully intercalated with Li + even at 10 V owing to the increased side-reactions on the graphite at this temperature. Based on the operando XRD and SAFS results, the authors proposed different side reaction mechanisms for the overcharged cells at 30 and 50 °C , which can help researchers to understand the overcharge effect on both cathode and anode, and to design batteries that can reduce and optimize the side reactions for the long life and safe batteries [197] . [197] ; with permission of JES. 
Heat Treatment
In-situ XRD is widely used in characterizing and monitoring phase formation, phase transformation, crystal growth, etc. during heat treatments. The observations provide valuable information on the optimization of the heat-treatment conditions for synthesizing materials with the desired structure and properties. Following are two examples of applying HTXRD in guiding the synthesis of suitable electrode materials.
Phase evolution of LiFePO 4 Precursor
Parallel in-situ HTXRD and HTTEM studies on the LiFePO 4 precursor made by a sol-gel method were conducted and revealed in-depth information on structure and morphology evolution of LiFePO 4 precursors during heat treatment at the centi-meter and nano-meter scales. The optimum heat-treatment parameters to produce the high-quality electrode materials were verified by the electrochemical performance of the materials heated at different temperatures. Figure 21a ,b show the evolution of XRD spectra with temperatures in inert atmosphere. The starting precursor is amorphous and the nucleation of LiFePO 4 starts at~425-445 • C. The growth and sharpening of the diffraction peaks as the temperature increases is indicative of the crystal size increase. The average crystallite sizes, estimated by the Scherrer equation [198] , changes from 14 to 79 nm with a temperature increase from 425 to 900 • C. The authors calculated the unit cell parameters of LFP as a function of temperature and derived a relation of volume thermal expansion with the temperature. Figure 21c presents the in-situ HRTEM micrographs taken at different temperatures of a specific particle with corresponding selected area electron diffraction patterns (SAED) at the right. The crystalline lattice fringes are initially observed between 450 and 500 • C. At 450 • C, some particles show the lattice fringes, whereas others show small clusters of arranged atoms. The appearance of these clusters is an early indication of nucleation, which agrees with the in-situ XRD spectrum. The HRTEM images and SAED patterns indicate the formation and growth of LiFePO 4 crystallites occur between 500 and 700 • C. These images show that the morphology of the particles become more porous, meanwhile, their surfaces and shapes changed slightly with increasing temperature.
Of the LFP heated from 500-900 • C, the one heated at 800 • C has the best electrochemical performance, despite a capacity that is still much lower than the theoretical values. The combination of parallel in-situ XRD and in-situ TEM studies with electrochemical performances of the materials reveals (1) the optimum heating conditions for obtaining materials with high performance; (2) the temperature effects on phase evolution, crystallinity and morphology of LiFePO 4 ; and (3) the effect of crystal structure, crystal size and morphology on the electrochemical properties, which are essential information to produce high-quality electrode materials [199] . 
Heat Treatment
Phase evolution of LiFePO4 Precursor
Parallel in-situ HTXRD and HTTEM studies on the LiFePO4 precursor made by a sol-gel method were conducted and revealed in-depth information on structure and morphology evolution of LiFePO4 precursors during heat treatment at the centi-meter and nano-meter scales. The optimum heat-treatment parameters to produce the high-quality electrode materials were verified by the electrochemical performance of the materials heated at different temperatures. Figure 21a ,b show the evolution of XRD spectra with temperatures in inert atmosphere. The starting precursor is amorphous and the nucleation of LiFePO4 starts at ~ 425-445 °C. The growth and sharpening of the diffraction peaks as the temperature increases is indicative of the crystal size increase. The average crystallite sizes, estimated by the Scherrer equation [198] , changes from 14 to 79 nm with a temperature increase from 425 to 900 °C . The authors calculated the unit cell parameters of LFP as a function of temperature and derived a relation of volume thermal expansion with the temperature. Figure 21c presents the in-situ HRTEM micrographs taken at different temperatures of a specific particle with corresponding selected area electron diffraction patterns (SAED) at the right. The crystalline lattice fringes are initially observed between 450 and 500 °C. At 450 °C, some particles show the lattice fringes, whereas others show small clusters of arranged atoms. The appearance of these clusters is an early indication of nucleation, which agrees with the in-situ XRD spectrum. The HRTEM images and SAED patterns indicate the formation and growth of LiFePO4 crystallites occur between 500 and 700 °C . These images show that the morphology of the particles become more porous, meanwhile, their surfaces and shapes changed slightly with increasing temperature.
Of the LFP heated from 500-900 °C , the one heated at 800 °C has the best electrochemical performance, despite a capacity that is still much lower than the theoretical values. The combination of parallel in-situ XRD and in-situ TEM studies with electrochemical performances of the materials reveals (1) the optimum heating conditions for obtaining materials with high performance; (2) the temperature effects on phase evolution, crystallinity and morphology of LiFePO4; and (3) the effect of crystal structure, crystal size and morphology on the electrochemical properties, which are essential information to produce high-quality electrode materials [199] . In-situ TEM of a LiFePO4 particle heated between 400 and 800 °C. The first two columns show TEM images of the same grain; the third and fourth show HRTEM images, the fifth shows SAED patterns in the same region. Notice a slight grain rotation at 800 °C compared with 700 °C and lower temperatures, which resulted in a change of the zone axis, a different SAED pattern, and different planes visible in HRTEM images [199] ; with permission of the ACS.
Phase Evolution of LiFePO4 Precursor
A composite material consisting of carbon-coated LiMn0.75Fe0.25PO4 nanoparticles within a 3D graphene micro-spherical is produced using a salt-assisted spray drying method. The goal is to improve the electrochemical properties of LiMn0.75Fe0.25PO4 by enhancing its electronic conductivity and Li + diffusivity. The composite is synthesized by a spray-drying process using a solution mixture of chelated metal salts and subsequent heat treatment.
The phase evolution of the 3D LiMn0.75Fe0.25PO4/reduced graphene oxide (rGO) microspheres during heat treatment between 100 and 650 °C in an inert atmosphere is monitored by in-situ XRD; the development of the XRD patterns is shown in Figure 22 [18] . The as-spray-dried precursor is amorphous, see spectrum at 30 °C . The as-spray-dried precursor is then dried at 100 °C and becomes crystalline, with the pattern corresponding to a mixture of MCl2 (M = Fe and Mn) and LiH2PO4. When the temperature is increased to 280 °C, MPO4 and Li3PO4 phases are formed. Upon heating to 450 °C, an olivine LiMPO4 is observed, together with MPO4. Upon further temperature increase to 650 °C, single-phase LiMn0.75Fe0.25PO4 is obtained at the expense of the MPO4 phase. The result indicates that The first two columns show TEM images of the same grain; the third and fourth show HRTEM images, the fifth shows SAED patterns in the same region. Notice a slight grain rotation at 800 • C compared with 700 • C and lower temperatures, which resulted in a change of the zone axis, a different SAED pattern, and different planes visible in HRTEM images [199] ; with permission of the ACS.
Phase Evolution of LiFePO 4 Precursor
A composite material consisting of carbon-coated LiMn 0.75 Fe 0.25 PO 4 nanoparticles within a 3D graphene micro-spherical is produced using a salt-assisted spray drying method. The goal is to improve the electrochemical properties of LiMn 0.75 Fe 0.25 PO 4 by enhancing its electronic conductivity and Li + diffusivity. The composite is synthesized by a spray-drying process using a solution mixture of chelated metal salts and subsequent heat treatment.
The phase evolution of the 3D LiMn 0.75 Fe 0.25 PO 4 /reduced graphene oxide (rGO) microspheres during heat treatment between 100 and 650 • C in an inert atmosphere is monitored by in-situ XRD; the development of the XRD patterns is shown in Figure 22 [18] . The as-spray-dried precursor is amorphous, see spectrum at 30 • C. The as-spray-dried precursor is then dried at 100 • C and becomes crystalline, with the pattern corresponding to a mixture of MCl 2 (M = Fe and Mn) and LiH 2 PO 4 . When the temperature is increased to 280 • C, MPO 4 The 3D LiMn0.75Fe0.25PO4/rGO microspheres that were synthesized exhibit a high tap density, high specific capacity, excellent rate capability, and superior cycling stability as a cathode material for lithium-ion batteries. Figure 22 . In-situ X-ray diffraction patterns of the Li-Mn-Fe-PO4/GO precursor prepared using the metal chlorides heated from 100 to 650 °C in an inert atmosphere [18] , with permission from Springer Nature.
Conclusions
With the advances of X-ray diffractometer as well as the availability of synchrotron diffractometer, the operando X-ray diffraction technique is now widely used to explore various aspects of lithium/sodium-ion batteries, including: (a) the working mechanisms of electrodes, as well as the influences of particle size of the electrode material, the cycling current and the composition on the working mechanism; (b) the impact of overcharge on the electrode materials; (c) the thermal stability of the electrodes; (d) the degradation mechanism and (e) the synthesis of the materials. The information obtained from the operando XRD investigations make it possible to have an atomic level understanding on how the rechargeable batteries work in relation to their crystal structure, why they behave in their specific ways, how to change the undesired working mechanisms, how and why they fail, as well as the optimized conditions to produce the high quality materials. To improve the existing electrode materials and the design of new high performance ones, not only is the structure information of the collective materials obtained from XRD important, but also the local information on the atomic level. Thus, operando XRD should be developed in the direction of combining with other techniques to allow collecting different types of information simultaneously. Presently, XRD-MS, XRD-DSC, XRD-XAS, etc. are used in material research, but more multi-function instruments with rapid measurement/fast data collection are required. In addition, it is important to develop operando techniques with the capability of obtaining 3D crystal structure, as well as 3D morphology information of the electrodes, which is essential for improving electrode quality. Finally, the Figure 22 . In-situ X-ray diffraction patterns of the Li-Mn-Fe-PO 4 /GO precursor prepared using the metal chlorides heated from 100 to 650 • C in an inert atmosphere [18] , with permission from Springer Nature.
The 3D LiMn 0.75 Fe 0.25 PO 4 /rGO microspheres that were synthesized exhibit a high tap density, high specific capacity, excellent rate capability, and superior cycling stability as a cathode material for lithium-ion batteries.
With the advances of X-ray diffractometer as well as the availability of synchrotron diffractometer, the operando X-ray diffraction technique is now widely used to explore various aspects of lithium/sodium-ion batteries, including: (a) the working mechanisms of electrodes, as well as the influences of particle size of the electrode material, the cycling current and the composition on the working mechanism; (b) the impact of overcharge on the electrode materials; (c) the thermal stability of the electrodes; (d) the degradation mechanism and (e) the synthesis of the materials. The information obtained from the operando XRD investigations make it possible to have an atomic level understanding on how the rechargeable batteries work in relation to their crystal structure, why they behave in their specific ways, how to change the undesired working mechanisms, how and why they fail, as well as the optimized conditions to produce the high quality materials. To improve the existing electrode materials and the design of new high performance ones, not only is the structure information of the collective materials obtained from XRD important, but also the local information on the atomic level. Thus, operando XRD should be developed in the direction of combining with other techniques to allow collecting different types of information simultaneously. Presently, XRD-MS, XRD-DSC, XRD-XAS, etc. are used in material research, but more multi-function instruments with rapid measurement/fast data collection are required. In addition, it is important to develop operando techniques with the capability of obtaining 3D crystal structure, as well as 3D morphology information of the electrodes, which is essential for improving electrode quality. Finally, the operando techniques should be able to measure the desired materials in the same environment and conditions as the battery in practical applications.
